Hematopoietic cells and their progenitors play important roles in human cytomegalovirus latency and reactivation. Latent infection has been evaluated in defined populations of myeloid-lineage-committed progenitor cells coexpressing CD33 and CD15 or CD33 and CD14 along with the dendritic cell markers CD1a and CD10. These CD33 ؉ cell populations were found to support latency and expression of viral latencyassociated transcripts and to undergo reactivation of productive viral replication when differentiated in the presence of human fibroblasts. Reactivation was also observed when myeloid cells were carried in the presence of fibroblast-conditioned medium or medium supplemented with certain cytokines (interferon ␥, tumor necrosis factor ␣, interleukin 4, or granulocytemacrophage colony-simulating factor), suggesting that cell differentiation pathways act as determinants of reactivation. More primitive CD34
Human cytomegalovirus (CMV), a betaherpesvirus, is an important pathogen in immunocompromised patients (1) in whom virus reactivates from latency to cause disease. Previous work implicated monocytes, macrophages, and their progenitors in natural CMV infection (2) (3) (4) (5) , suggesting that macrophage-lineage cells may provide a long-lived site for CMV latency (6) (7) (8) (9) . Despite earlier suggestions to the contrary (10), productive viral gene expression is apparently shut down during latency in the naturally infected host (8, 9) . Cultured CMV-DNA-positive monocytes from healthy seropositive individuals express productive-phase genes only when stimulated to differentiate with growth or proinflammatory cytokines (11) or after cultivation under conditions of allogeneic stimulation (8) . These observations have been consistent with the view that CMV is carried by a primitive hematopoietic cell during latency and that reactivation occurs as macrophage-or dendritic-lineage cells differentiate. Permissiveness for CMV replication has long been associated with differentiation (9, 12) and the monocyte-derived macrophage differentiation state appears to dictate the level of permissiveness for CMV (2, 3, 8, 11, 13, 14) . Studies carried out on experimentally infected granulocyte-macrophage progenitors (GM-Ps) have supported this view of latency and have identified specific CMV latency-associated transcripts (CLTs) encoded within the ie1͞ ie2 region of the viral genome. Although first identified in mixed populations of experimentally infected GM-Ps, latent transcripts are detected in bone marrow (BM) mononuclear cells from naturally infected CMV-seropositive adults (15) .
On the one hand, primitive (CD34 ϩ ) and lineage-committed (CD33 ϩ ) cells may act as reservoirs for CMV in the naturally infected host (7, (15) (16) (17) and differentiated monocyte-derived macrophages with dendritic cell characteristics appear to support productive viral replication (8, 14) . On the other hand, evidence that BM-derived myelomonocytic progenitors give rise to antigen-presenting dendritic cells in addition to granulocytes and macrophages is also accumulating (18, 19) . Human-cord-blood-derived CD34 ϩ progenitors differentiate into dendritic cells when grown in the presence of granulocytemacrophage colony-simulating factor (GM-CSF) and tumor necrosis factor ␣ (TNF-␣) (19) (20) (21) (22) . Although hematopoieticstem-cell-enriched populations by definition mature into a wide variety of cell lineages (18, 23, 24) , CMV DNA has been associated only with myelomonocytic lineage cells in healthy latently infected individuals (6, 25) , suggesting that the viral genome is preferentially maintained in this cell population. These results suggest that CMV may target a long-lived cell population that gives rise to monocyte-derived macrophages and dendritic cells as a site of latency.
Our focus has been to delineate the cell type distribution of latent transcripts in hematopoietic progenitor and peripheral blood (PB) cell types during CMV experimental infection and in the naturally infected host. To investigate sites of CMV latency and to determine whether cells related to dendritic progenitors have the capacity to carry latent virus, we separated progenitor and PB mononuclear cell types and evaluated these populations for latent transcripts with a highly sensitive reverse transcriptioncoupled PCR (RT-PCR) analysis. We present evidence that CD33 ϩ progenitors of dendritic cells and monocyte-macrophages are important reservoirs of latent CMV and show that T cells, B cells, and CD33 Ϫ mature granulocytes and macrophages are not. In an attempt to reveal the cellular determinants of latency and reactivation, we demonstrate that progenitor populations reactivate virus after coculture with human fibroblasts (HFs) and that reactivation is triggered by soluble HF cell factors or certain cytokines. Finally, we detect latency-associated transcripts in 0.01-0.001% of sorted CD33 ϩ but not in CD33 Ϫ cell populations within naturally infected individuals. Thus, natural
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MATERIALS AND METHODS
Cell and Virus Culture. Fetal liver cells (from 16-to 24-week gestation abortuses) were separated on Lymphoprep (GIBCO͞BRL) and cultured as described (16) except that a high density (1 ϫ 10 6 cells per ml) was maintained. These tissues were collected in accordance with human subjects guidelines at Stanford University. At day 4 of culture, cells were infected with RC256, a lacZ-positive derivative of human CMV Towne (26) or the low-passage strain Toledo (27) at a multiplicity of infection of 3 and passaged for 3-4 weeks.
Cocultivation and Transwell Chamber Assays. Reactivation by cocultivation was as described (16) . Cells were collected onto slides by using a cytocentrifuge and subjected to X-gal and IE1͞IE2 antibody staining at the time of cytokine addition and at 6 and 10 weeks of culture.
cDNA Synthesis and RT-PCR. Three hundred cells in 1 l of PBS were sorted into 7 l of RNA buffer containing 8% Triton X-100 (Sigma), BSA (Sigma) at 200 g͞ml, 1 mM spermidine (Sigma), 6 mM methylmercury hydroxide (Johnson Matthey, Karlsruhe, Germany, distributed by Alpha Chemical) (28) , all four dNTPs (each at 2 mM; United States Biochemical), and random primers (GIBCO͞BRL)at 300 ng per reaction. Seven microliters of a solution of 50 mM DTT (GIBCO͞BRL), RNase inhibitor (40 units per reaction; Boehringer Mannheim), and Superscript II at 10 l (200 units) per reaction (GIBCO͞BRL; prepared in 2.5ϫ reverse transcriptase buffer diluted from 5ϫ buffer provided by the manufacturer) were added. cDNA synthesis (in a total volume of 25 l) was for 90 min at 42°C followed by heating to 72°C for 10 min. Each subsequent PCR amplification used 3 l of this mixture.
Nested PCR, electrophoresis in 3% agarose gels, immobilization, and hybridization with [␥-32 P]ATP-end-labeled oligonucleotides IEP1M or IEP4AP were performed as described (15, 16) . PCR with primers for cellular histidyl-tRNA synthetase transcripts (11) were used to assess the presence of amplifiable cDNA in all samples. All oligonucleotides were purchased from the Stanford University PAN Facility. Single transcript-positive cells were shown to be detectable in pools of up to 5 ϫ 10 3 cells in a reconstruction experiments with 1 ϫ 10 2 , 3 ϫ 10 (23) . Single CFU-GM colonies were subjected to cDNA preparation and RT-PCR analysis at 3 weeks p.i.
carrying surface markers indicative of granulocyte (CD15), monocyte (CD14), or dendritic lineages (CD10 and CD1a) and subjected panels of 300 sorted cells to analysis for sense latencyassociated transcripts. Fig. 1 shows one analysis of infected GM-P cultures for cells expressing CD33, CD1a, and CD15. CD33 RNA from replicate aliquots of 300 FACS-sorted cells was reverse-transcribed and RT-PCR analysis was performed to assess the presence of latent viral transcripts. In the example shown in Fig. 2 , sense transcripts were detected in progenitors of monocytes (CD33 ϩ CD14 To determine whether CMV infection induced any change in cell surface markers on GM-P populations, we evaluated a panel of lineage markers and adhesion molecules with mAbs and flow cytometry but found little or no difference in the levels of CD34, CD33, CD14, CD15, CD10, CD1a, CD11a, CD11b, CD29, CD31, CD44, CD49d, CD54, intercellular cell adhesion molecule 2, E-cadherin, or s-LE-x when CMV-infected cells were compared with uninfected cells (data not shown). Consistent with earlier analyses (16) , the presence of latent virus did not appear to significantly alter the growth rate, cell surface phenotype, or differentiation state of hematopoietic progenitors. Reactivation of CMV Induced by Cytokines. To determine whether soluble factors produced by HFs were sufficient to trigger reactivation, latently infected GM-Ps (3 weeks p.i.) and uninfected HFs were placed on opposite sides of a 0.45-m (pore size) membrane in a Transwell Chamber to separate these cell populations but allow the free diffusion of cytokines. In three individual experiments, RC256-infected GM-Ps that were negative for both ␤-galactosidase and IE1͞IE2 expression before coculture became positive for productive infection within 4-6 weeks of additional coculture (data not shown). X-gal-positive cells were recovered in the top compartment and virus produced in the top compartment spread through the 0.45-m membrane to form plaques on the HFs in the lower compartment (data not shown) over the course of several weeks. This result suggested that soluble factors might play a pivotal role in reactivation and led to an evaluation of proinflammatory and growth cytokines for ability to induce reactivation. GM-Ps at 3 weeks p.i. were either cocultured with HFs or cultured for a 2-week period (between 4 and 6 weeks p.i.) in the presence of IFN-␥, TNF-␣, GM-CSF, IL-4, IL-3, IL-6, transforming growth factor ␤, IL-10, stem cell factor, lymphocyte inhibitory factor, RANTES, MIP-1␣, MIP-1␤, or macrophage chemotactic protein-1. All GM-Ps reactivated when cocultured with HFs. Viral antigen and ␤-galactosidase expression were monitored in all cytokine treated samples at 6 and 10 weeks p.i. As shown in Table 2 , culture of cells in the presence of IFN-␥ or TNF-␣ led to reactivation of CMV in all three cultures with the numbers of antigen-or X-gal-positive cells ranging from 5 to 30% at 10 weeks p.i. GM-CSF and IL-4 also induced reactivation but in a smaller percentage of cells. Repeated experiments with these cytokines continued to yield reactivation in approximately one-third of the attempts. Future experiments should investigate mixtures of these four cytokines. Our results are consistent with cytokines playing an important role as determinants of hematopoietic cell differentiation state.
Reactivation of CMV from CD33

Detection of Latent Transcripts in PB Mononuclear Cells.
To investigate the ability of different PB cell populations to express latent transcripts, PB mononuclear cells from three CMV seronegative individuals were isolated, Con A-stimulated for 3 days, and infected with CMV (RC256). At 3-5 days p.i. with RC256, these cells were sorted into monocyte-lineage and granulocytelineage populations and T and B cells (data not shown). Fig. 3 shows an example of this analysis of cells from one blood donor. Consistent with our findings on fetal-liver-derived GM-Ps, CD33 ϩ cells of the GM lineage in the PB expressed latent transcripts, whereas T cells, B cells, and mature CD33 Ϫ cells did not. PCR for cellular histidyl-tRNA synthetase showed that all samples contained amplifiable cDNA (data not shown). Viral DNA was detected by PCR in all samples (data not shown). T and B lymphocytes, mature granulocytes, and macrophages lacked latent transcripts; however, ie1 region RNA was detected in these cells with ie1 exon 3͞4-specific primers (15) , consistent with the establishment of an abortive infection (29) (data not shown). Thus, these data suggest that detection of sense CLTs is associated with the differentiation state of the host cell and the expression of the cell surface marker CD33 on a precursor of myelomonocytic cells.
Maintenance of CMV in CFU-GM Originating from CD34
؉ CD33 ؊ or CD34 ؉ CD33 ؉ Fetal Liver Cell Populations. To determine whether primitive hematopoietic progenitors could be infected with CMV and whether latent virus could be maintained as these progenitors differentiated, we sorted 
Day following the start of coculture with HFs is indicated. 
Cytokine was present during weeks 4-6 p.i. Samples were taken 6, 10, and 11 weeks p.i. ϩϩϩ, 15-30%; ϩϩ, 5-15%, ϩ, 0.1-5%, Ϫ, 0.1%; ND, not done. (Fig. 4) . Although both may contain progenitor cells, the CD34 ϩ CD33 Ϫ population has been considered more primitive because these cells retain the capacity to form colonies in long-term BM cultures (30) . There were no significant differences in numbers of erythroid colony-forming units or CFU-GM in CMV (RC256)-infected as opposed to uninfected cultures (data not shown). After 3 weeks of culture, individual CFU-GM were picked and cDNA was prepared. Sense transcripts were detected in CFU-GM originating from both CD34 (Fig. 4) . Nucleic acids were extracted from 12 colonies (CFU-GM) grown from CD34 ϩ CD33 
DISCUSSION
In this study we have established that transcripts previously determined to be latency-associated (15) are harbored in defined subpopulations of CD33 ϩ progenitors that have characteristics in common with dendritic and myeloid lineages. Although a majority of the work herein was carried out with a lacZ-tagged derivative of the Towne strain, the same transcript and cell distribution pattern was observed when experiments were carried out using the Toledo strain, a low passage virus that is known to carry additional genes compared with Towne strain (33, 34) . Once GM-Ps were infected, progenitors of monocytes, granulocytes, and dendritic cells expressed latent transcripts, whereas mature macrophages, granulocytes, T cells, and B cells lacked evidence of these transcripts. Viral gene expression was restricted to latency-associated transcripts in these progenitors. After coculture of infected CD33 ϩ -expressing dendritic and myeloid progenitors with permissive HFs, virus reactivated within 3-4 weeks in a pattern that was similar to that previously characterized for nonsorted GM-Ps (16) . Latent infection of CD33 ϩ cells was dependent on culture conditions and viral reactivation followed a period of coculture with uninfected HFs. Our FACS analyses corroborated the work of Caux et al. (22) and defined cell populations coexpressing the myeloid markers CD33 and CD15 or CD14 along with the dendritic markers CD1a and CD10, and the analysis of these cell populations for viral RNA suggested that progenitors of dendritic cells and progenitors of granulocytes and macrophages are responsible for maintaining CMV latency.
Our studies add significant evidence to the importance of the host cell as a determinant of CMV latency. Progenitors undergoing a nonproductive infections convert to productive viral replication when GM-Ps or sorted CD33 ϩ GM-P populations are cultivated in the presence of HFs, HF soluble factors, or specific proinflammatory cytokines. Even in the absense of immunity that is important in controlling CMV replication in the natural host, the differentiation state of GM-Ps appears critical in dictating whether latency is maintained or is reactivated. Our demonstration that individual growth and proinflammatory cytokines can influence reactivation suggests a connection to the activation state of the host cell. This observation may provide an explanation previous reports suggesting that productive infection is the outcome in a proportion of BM-derived mononuclear cells (35) . These earlier results may have been influenced by the level cytokines such as IFN-␥ or TNF-␣ included in the culture medium and are consistent with a cell-differentiation-state dependence for CMV permissiveness (2, 3, 8, 11, 13, 14) . Herein and previously (16) we have shown that GM-P culture conditions maintain a uniform level of latency without spontaneous or continuous differentiation-dependent generation of permissive cells. It will now be very important to understand the phenotype of different cell populations as well as the signals that lead to various differentiation states.
Previous evaluation for evidence of viral DNA has implicated CD34 ϩ cells as a reservoir for CMV in the naturally infected host (7, 17) . In our hands, experimental infection of sorted CD34 ϩ cells resulted in a latent infection and the expression of CMV latent transcripts in CD33 ϩ cell populations arising in either suspension or methylcellulose culture. Thus, experimental infection of pluripotent cells does not alter differentiation, suggesting that primitive (CD34 ϩ ) hematopoietic progenitors may be a reservoir for CMV to retain a lifelong foothold in the host. We have also detected the CMV genome in cells expressing CD34 and Thy-1 cell surface markers (G.H., L. Murray, K. Lüns, and E.S.M., unpublished data) isolated from naturally infected individuals, which is consistent with this model.
From our evaluation of naturally infected myelomonocytic cells, it appears that a progenitor of dendritic and myeloid lineage cells harbors latent virus in a manner similar to that of cultured GM-Ps. Our study of BM reveals CD33 ϩ progenitors in the BM of seropositive individuals as a source of latent CMV and suggests that the frequency of latent CMV in the CD33 ϩ progenitor population can be greater than 0.001% in the naturally infected host. These findings extend a previous study by Kondo et al. (15, 16) who showed that sense CLTs (but not productive-phase transcripts) were present in mononuclear cells from seropositive but not seronegative healthy BM donors.
We propose a mechanism of latency in which a primitive hematopoietic cell population, possibly stem cells, acquire CMV during viremia that follows primary infection (1, 27) . The viral genome may be retained with limited gene expression as primitive cells reside quiescently in the BM or self-renew. Upon differentiation into lineage-committed progenitors, latency-associated transcripts and proteins may be expressed in association with cell differentiation. Full differentiation to tissue dendritic cells or macrophages in a particular proinflammatory cytokine milieu may drive host cells into a permissive state that supports virus replication (2, 3, 8, 11, 13, 14) .
